Gastric enterochromaffin-like (ECL) cells release histamine upon stimulation with gastrin in a calcium-dependent manner. The intracellular mechanisms and proteins mediating exocytosis of histaminecontaining vesicles in ECL cells have not been determined yet. We used immunocytochemistry to show the localization of SNAP-25 (synaptosome-associated protein of 25 kDa) and synaptobrevin VAMP (vesicle-associated membrane protein) in ECL cells of the rat gastric mucosa and in isolated, highly enriched ECL cells, which were identified with an antibody directed against the marker enzyme histidine decarboxylase. Immunoblots of isolated ECL cells demonstrated the presence of SNAP-25, synaptobrevin, synaptophysin, synaptotagmin, and syntaxin. Histamine release from isolated ECL cells permeabilized with 8 M digitonin (2 min) was stimulated approximately 2.5-fold upon exposure to calcium (30 M; 10-min incubation). Preincubation with 1 M tetanus toxin light chain for 15 min attenuated calcium-induced histamine release by 40 -50% and almost completely cleaved synaptobrevin. Botulinum neurotoxin A (100 nM) totally blocked calcium-induced histamine release and cleaved SNAP-25. We conclude that synaptobrevin, synaptophysin, synaptotagmin, SNAP-25, and syntaxin are present in gastric ECL cells. Inhibition of histamine secretion by clostridial neurotoxins associated with the cleavage of synaptobrevin and SNAP-25 implicates the functional importance of these proteins in the docking and fusion of histamine vesicles. (Endocrinology 138: 5518 -5526, 1997) E NTEROCHROMAFFIN-LIKE (ECL) cells are histamineproducing cells in the gastric mucosa that integrate neuronal and hormonal signals and thereby control gastric acid secretion. They are responsible for histamine release during food-stimulated and at least in part during neurally induced acid secretion (1-3). The antral hormone gastrin is the major stimulant of histamine secretion from ECL cells. Upon exposure to food, gastrin is released into the systemic circulation and binds to cholecystokinin B receptors on ECL cells, inducing an intracellular calcium signal that finally triggers histamine secretion (1-5).
ized with 8 M digitonin (2 min) was stimulated approximately 2.5-fold upon exposure to calcium (30 M; 10-min incubation). Preincubation with 1 M tetanus toxin light chain for 15 min attenuated calcium-induced histamine release by 40 -50% and almost completely cleaved synaptobrevin. Botulinum neurotoxin A (100 nM) totally blocked calcium-induced histamine release and cleaved SNAP-25. We conclude that synaptobrevin, synaptophysin, synaptotagmin, SNAP-25, and syntaxin are present in gastric ECL cells. Inhibition of histamine secretion by clostridial neurotoxins associated with the cleavage of synaptobrevin and SNAP-25 implicates the functional importance of these proteins in the docking and fusion of histamine vesicles. (Endocrinology 138: 5518 -5526, 1997) E NTEROCHROMAFFIN-LIKE (ECL) cells are histamineproducing cells in the gastric mucosa that integrate neuronal and hormonal signals and thereby control gastric acid secretion. They are responsible for histamine release during food-stimulated and at least in part during neurally induced acid secretion (1) (2) (3) . The antral hormone gastrin is the major stimulant of histamine secretion from ECL cells. Upon exposure to food, gastrin is released into the systemic circulation and binds to cholecystokinin B receptors on ECL cells, inducing an intracellular calcium signal that finally triggers histamine secretion (1) (2) (3) (4) (5) .
Electron microscopic evaluation of gastric ECL cells revealed characteristic cytoplasmic vesicles containing a small electron-dense core surrounded by a translucent halo (for references, see Ref. 1) . Recent reports suggest that histamine is taken up into vesicles by a specific monoamine transporter driven by a proton gradient (6, 7) . Therefore, ECL cells display similarity to chromaffin cells of the adrenal gland or to neurons. In all of these cell types, amines or neurotransmitters are accumulated in cytoplasmic vesicles by transporters dependent on the establishment of a proton gradient across the vesicular membrane by V-type adenosine triphosphatases (8) .
We have previously established a model to study histamine secretion in vitro using highly enriched ECL cells in primary culture (4, 5, 9) . Histamine secretion was stimulated by gastrin in the presence of extracellular calcium. Calcium entry across the plasmalemma was of critical importance for histamine secretion after receptor and postreceptor activation (5) . However, the intracellular mechanisms resulting in fusion of histamine vesicles with the plasma membrane after calcium entry have not been defined.
On the other hand, the calcium-dependent intracellular secretory apparatus of neurons and endocrine cells has been analyzed in detail by numerous recent investigations. According to current models, docking and fusion of synaptic vesicles or endocrine secretory vesicles are mediated by three membrane-bound SNARE [soluble NSF (N-ethylmaleimide sensitive fusion protein) attachment protein receptor] proteins, termed syntaxin, synaptobrevin, and SNAP-25. As cleavage of SNARE proteins by clostridial neurotoxins results in blockade of exocytosis by neurons or endocrine cells, the SNARE proteins are regarded as key players in exocytosis (10 -19) . In addition to the SNARE proteins, vesicular membrane proteins such as synaptotagmin and synaptophysin, have been suggested to participate in the exocytosis of synaptic vesicles in neurons (20, 21) .
We attempted to examine the presence of SNARE proteins and vesicular synaptotagmin and synaptophysin in ECL cells. It was our aim to obtain straightforward evidence for the neuroendocrine nature of these cells. In fact, we have identified five of these proteins in ECL cells by immunoblotting and immunocytochemistry characterizing ECL cells as a neuroendocrine cell type. Moreover, we have function-ally related the expression of two of these proteins to histamine secretion by specific cleavage and blockade of exocytosis by clostridial neurotoxins. Our data establish that these proteins are functionally involved in exocytosis, and that ECL cells display a great similarity to neurons and endocrine cells.
Materials and Methods Materials
All substances were of analytical grade and were purchased from the indicated suppliers: pronase E (Boehringer Mannheim, Mannheim, Germany); Nycodenz (Accurate Chemical, Westbury, NY); BSA (Serva, Heidelberg, Germany); Matrigel and Cell-Tak (Becton Dickinson, Heidelberg, Germany); FBS (Life Technologies, Eggenstein, Germany); and dithiothreitol, acridine orange, trypan blue, DMEM-Ham's F-12 medium, gentamicin, hydrocortisone, rat gastrin-17, insulin, transferrin, and sodium selenite (Sigma Chemical Co., Munich, Germany). The polyvinlychloride membrane containing the ionophor ETH 129 for the Ca 2ϩ -selective minielectrode was purchased from Fluka (Neu-Ulm, Germany).
Monoclonal antibodies directed against synaptobrevin II (Cl. 69.1) and synaptotagmin I (Cl. 41.1) and a polyclonal antibody (rabbit) directed against synaptophysin were provided by Reinhard Jahn (New Haven, CT), and a polyclonal antibody against histidine-decarboxylase (rabbit) was supplied by Tsutomu Chiba (Kobe, Japan). Monoclonal SNAP-25 antibody (SMI81) and monoclonal antisyntaxin antibody (Cl. HPC-1) were purchased from Sternberger Monoclonals (Baltimore, MD) and Sigma, respectively. Peroxidase-labeled, biotinylated, Cy3-labeled, and fluorescein isothiocyanate-labeled antimouse (or antirabbit) IgG antibodies were obtained from Dianova (Hamburg, Germany). Tetanus toxin light (TeTxL) chain was a gift from Ulrich Weller (Mainz, Germany), and botulinum neurotoxin A (BoNT/A) was supplied by Bibhuti R. DasGupta (Madison, WI) and Clifford C. Shone (Porton Down, Salisbury, UK).
Isolation and cultivation of ECL cells
Mucosal cells from the stomachs of fed female Sprague-Dawley rats (total of 53 preparations; n ϭ 5 rats/experiment; 180 -200 g BW; Charles River, Sulzfeld, Germany) were isolated by pronase E digestion (1.3 mg/ml) using the everted sac technique (described in detail in Refs. 4 and 5) . The resulting mucosal cell preparation was fractionated by counterflow elutriation using the JE 6B rotor (Beckman Instruments, Glenrothes, UK) run in a J2-21M/E Beckman centrifuge. The original methods (4) and modifications (5) were described previously. Briefly, 10 8 mucosal cells were loaded into a standard chamber at a flow rate of 16 ml/min and a rotor velocity of 2300 rpm. Small cells (diameter, Ͻ10 m) were collected at 2000 rpm and a flow rate of 22-23 ml/min. For further purification, 7 ml of this cell fraction were overlaid above two different layers of Nycodenz [supplemented with 1.2 mm MgCl 2 , 10 mm HEPES (pH 7.4) and 10 mg/ml BSA] diluted 1:1 or 1:2 with 140 mm NaCl, 1.2 mm MgSO 4 , 1 mm CaCl 2 , 11 mm d-glucose, 0.5 mm dithiothreitol, 10 mg/ml BSA, and 10 mm HEPES, pH 7.4. After centrifugation for 8 min at 210 ϫ g, the cells were collected from the interface between the top and second layers of the density gradient. The fraction contained more than 95% ECL cells determined by acridine orange uptake and immunostaining for histidine decarboxylase (HDC). Cell viability (trypan blue exclusion) exceeded 95%. The average cell yield from 5 rats in 60 experiments was 3.5 ϫ 10 5 ECL cells.
Immunohistochemistry of rat gastric mucosa
Rat stomach was fixed by immersion in 4% (wt/vol) paraformaldehyde in PBS, pH 7.4, for 2 days at 4 C, subsequently washed for 12 h in PBS, pH 7.4, supplemented with 6.8% (wt/vol) sucrose and embedded in paraffin. Sections were deparaffinized, rehydrated, incubated for 30 min with 10% methanol and 0.3% H 2 O 2 in PBS, and heated in 10 mm citrate (pH 6) three times for 5 min each time in a microwave oven. Then the sections were washed with PBS, incubated with 10% (vol/vol) goat serum in PBS for 30 min, and incubated overnight at 4 C with anti-HDC (1:1000) in 2% (vol/vol) goat serum in PBS. After washing with PBS, the slides were incubated with biotinylated antirabbit secondary antibodies [1:500 in 2% (vol/vol) goat serum PBS] for 2 h at room temperature. After washing with PBS, avidin-labeled peroxidase (Vectastain, Vector Laboratories, Burlingame, CA) and detection by diaminobenzidene were employed.
For colocalization studies immunostaining was performed on thin sections. Tissue was fixed as described above, dehydrated for 1 h at 4 C in 100% acetone, and embedded in polyacrylate (Technovit 8100, Heraues-Kulzer, Wehrheim, Germany) according to the manufacturer's recommendations. Serial sections (1 m) were placed on Poly-Prep slides (Sigma), dried for 2 h, and incubated for 10 min at 37 C with 0.1% (wt/vol) trypsin in 0.1% (wt/vol) CaCl 2 . Endogenous peroxidase was blocked as described above, followed by incubation with 10% (vol/vol) goat serum in PBS for 30 min. Serial sections were incubated overnight at 4 C with anti-SNAP-25 (1:200), antisynaptobrevin II Cl. 69.1 (1:200), and anti-HDC (1:2000) in 2% goat serum in PBS. After washing with PBS, the slides were incubated with biotinylated antimouse or antirabbit secondary antibodies (1:500 in 2% goat serum PBS) for 2 h. Immune complexes were visualized with avidin labeled peroxidase and diaminobenzidene (see above). 
Immunocytochemistry of isolated and cultured ECL cells

Histamine release from ECL cells after short term culture, permeabilization, and incubation with neurotoxins
Purified ECL cells were placed on culture wells (4 ϫ 10 4 cells/well) coated with Matrigel at a 1:5 dilution and cultured at 37 C for 48 h in DMEM-Ham's F-12 supplemented with 5% FBS (see above). The culture medium was removed and replaced by DMEM-Ham's F-12 medium without FBS but supplemented with 0.2% BSA for 3 h at 37 C to remove the influence of growth factors. The medium was removed, and ECL cells were permeabilized with 8 m digitonin (in 0.1% dimethylsulfoxide) in potassium glutamate medium (150 mm potassium glutamate, 5 mm EDTA, 0.5 mm EGTA, 5.7 mm magnesium acetate, 2 mm Mg 2ϩ -ATP, and 10 mm 1,4-piperazinediethanesulfonic acid, pH 7.2) for 2 min at 30 C. This treatment permeabilized 85-95% of the cells, as determined by trypan blue uptake. The medium was then renewed without or with TeTxL containing 0.1% BSA or with or without BoNT/A containing 20 mm DTT, followed by incubation for 15 min at 30 C. Histamine secretion by ECL cells was determined by incubation with potassium glutamate buffer without (control) or with 10 -100 m free Ca 2ϩ at 30 C for 10 min. This interval was found to be optimal for the histamine release experiments. Free Ca 2ϩ concentrations in potassium glutamate buffer were calculated and monitored with a Ca 2ϩ -selective minielectrode (22) . Histamine was measured in the supernatant and in cell lysates. Cells were lysed with 3% acetic acid, boiled for 2 min, and stored at Ϫ20 C. Histamine was measured in all samples by RIA using a commercial kit (Dianova).
SDS-PAGE and immunoblotting
Samples (8 g protein/lane) of purified ECL cells were separated on 12.5% gels by SDS-PAGE (23) and blotted onto nitrocellulose (24 
Results
Identification of ECL cells in the gastric mucosa by immunostaining for HDC
We first identified ECL cells in the intact gastric mucosa with an antibody directed against the histamine-synthesizing enzyme, HDC. This enzyme can be used as a marker for ECL cells in the stomach of the rat, because in this species, mast cells are absent in the epithelium, and other endocrine cells do not contain HDC (1) . Figure 1 shows that small ECL cells in the basal part of the gastric glands are labeled, demonstrating the specificity of the antibody. Controls performed in the absence of the first antibody did not show any staining.
Colocalization of HDC with SNAP-25 and synaptobrevin/ VAMP in ECL cells
ECL cells were identified in the gastric mucosa by immunocytochemistry using a specific antibody directed against HDC (Fig. 2) . In consecutive thin sections, antibodies directed against SNAP-25 and synaptobrevin were applied. As shown in Fig. 2 , immunolabeled ECL cells (B and D) contained HDC as well as the characteristic neuronal and endocrine marker proteins SNAP-25 and synaptobrevin/ VAMP (A and C). Other adjacent mucosal cells did not show any staining. No staining was observed when sections were incubated with the secondary antimouse or antirabbit antibodies without addition of the primary antibody (E and F).
Colocalization of HDC with SNAP-25 and synaptobrevin in isolated ECL cells
Isolated cultured ECL cells were fixed and labeled with the HDC antiserum described above. The simultaneous presence of SNAP-25 and synaptobrevin/VAMP in the same ECL cells was shown directly by immunocytochemistry. Antibodies directed against HDC or the SNARE proteins synaptobrevin and SNAP-25 bound to the cellular antigens were visualized with Cy3-or FITC-conjugated secondary antibodies (antimouse or antirabbit). In Fig. 3 , AB double immunostaining of purified ECL cells for SNAP-25 and HDC is shown. Figure  3 , C and D, shows colocalization for synaptobrevin and HDC. In control cells that were treated identically except that the first antibody was omitted, no staining was observed. In all cell preparations, more than 95% of the cells were labeled with HDC and SNAP-25 or synaptobrevin/VAMP, corresponding to the degree of enrichment. Similar values were obtained with antibodies directed against synaptotagmin I and synaptophysin (data not shown). Despite the low amounts of ECL cells present in the gastric mucosa (see Fig.  1 ), the present method of purification yielded a small, but highly enriched, preparation of ECL cells, which has already successfully been used in previous studies to investigate histamine release (4, 5) . Subsequently, we attempted to analyze SNAP-25 and synaptobrevin/VAMP and related proteins by immunoblotting. In addition, we used the cell preparations (ϳ3.5 ϫ 10 5 highly purified ECL cells were isolated from five rats) for functional studies to investigate whether two of the detected proteins are involved in the exocytosis of histamine.
Immunoblotting ECL cell homogenates were prepared from isolated, enriched, and 48-h cultured cells. The presence of proteins characteristic of the exocytotic apparatus found in neurons and endocrine cells was analyzed by immunoblotting. Figure  4 , A and B, shows the results of two single experiments. 
Histamine release from permeabilized ECL cells triggered by Ca 2ϩ
Isolated ECL cells were placed on well plates and cultured for 48 h. After short term culture, the medium was replaced, and permeabilization of ECL cells was performed with digitonin to gain access to the cytoplasm of ECL cells. In this model of permeabilized ECL cells we found that addition of Ca 2ϩ was an effective stimulant of histamine release. In preliminary experiments (n ϭ 10), we defined the optimal amounts of digitonin and the periods of incubation. Short (2-min) exposure of ECL cells with 8 m digitonin was found to be the optimal procedure rendering the cells permeable to both Ca 2ϩ and clostridial neurotoxins (see below). Figure 5 shows histamine secretion by the permeabilized ECL cells after 15-min exposure to increasing concentrations of free Ca 2ϩ . The concentrations tested were 0, 10, 30, and 100 m free Ca 2ϩ . The free Ca 2ϩ concentrations were calculated and controlled with a Ca 2ϩ -selective minielectrode (22) . Basal release (no Ca 2ϩ added) in the different experiments was stimulated approximately 2.5-fold by 30 m free Ca 2ϩ . As shown in Fig. 5 , Ca 2ϩ concentrations above 30 m did not further enhance histamine release (n ϭ 5 independent experiments). Therefore, this calcium concentration was used for stimulation of the cells in the experiments described below.
Effect of TeTxL
Isolated ECL cells were placed on well plates and cultured for 48 h. After short term culture, the medium was replaced, and permeabilization of ECL cells was performed by short exposure (2 min) to 8 m digitonin. Permeabilized ECL cells were preincubated for 15 min with the indicated TeTxL concentrations or vehicle. Histamine release was stimulated subsequently by 30 m free Ca 2ϩ during 10 min of incubation. Cells that were incubated in the absence of Ca 2ϩ showed basal release. Preincubation of permeabilized ECL cells with 1 m TeTxL resulted in a pronounced inhibition of Ca 2ϩ -induced histamine secretion, indicating that the secretory apparatus of ECL cells was susceptible to tetanus toxin (Fig.  6A) . Inactivation of TeTxL by boiling abolished the attenuating effect of TeTxL on histamine release (n ϭ 5 experiments).
When permeabilized ECL cells were treated with TeTxL and then subjected to SDS-PAGE and immunoblotting, the amounts of SNAP-25 and syntaxin were unchanged by 0.5 or 1 m TeTxL (Fig. 6B, bands at the bottom) . In contrast, the amounts of synaptobrevin were greatly decreased in cells incubated with TeTxL (Fig. 6B, top) . Thus, it may be concluded that inhibition of exocytosis by TeTxL is associated with specific cleavage of synaptobrevin within gastric ECL cells.
Effect of BoNT/A
We also examined the effect of BoNT/A on permeabilized ECL cells. Again, purified and cultured ECL cells were permeabilized by 2-min exposure to 8 m digitonin. Subsequently, cells were incubated with or without 100 nm BoNT/A for 15 min. Histamine release of permeabilized ECL cells was elicited by 30 m free Ca 2ϩ during a 10-min incubation period. This effect was almost completely inhibited by 100 nm BoNT/A ( Fig. 7A; n ϭ 3 experiments) .
Coincidentally, cellular SNAP-25 was cleaved by 100 and 500 nm BoNT/A (Fig. 7B , see bands at the top and densitometric evaluation), whereas syntaxin and synaptobrevin remained intact (Fig. 7B, bands at the bottom) , indicating the specificity of our experiments.
Discussion
Gastric histamine is an effective stimulus of acid secretion and binds to specific histamine H 2 receptors on parietal cells. In vitro studies using isolated, highly enriched ECL cells from the rat gastric corpus demonstrated that the cellular source of histamine during gastrin-stimulated acid secretion is the ECL cells in the gastric fundus and that histamine secretion elicited by gastrin depends largely on intracellular calcium signaling (4, 5) .
Calcium entry across the plasma membrane is of critical importance for histamine secretion. In the present study, addition of molar concentrations of free calcium to permeablized ECL cells was found to elicit histamine release. These data prove that calcium by itself triggers exocytosis in ECL cells, similar to observations in adrenal chromaffin and other endocrine cells and in neurons. Previous studies have shown that isolated ECL cells typically exhibit a membrane potential of about Ϫ50 mV and have voltage-gated K ϩ and Ca 2ϩ channels (9, 27) similar to neurons and chromaffin cells of the adrenal gland. An average cytoplasmic calcium concentration of about 250 nm was determined in stimulated single ECL cells after gastrin stimulation (5) . In contrast to these experiments, a concentration of 10 -30 m calcium was nec- 
FIG. 7. A, Ca
2ϩ -induced histamine release by digitonin-permeabilized ECL cells is inhibited by BoNT/A. Permeabilized ECL cells were preincubated for 15 min at 30 C without (control) or with 100 nM BoNT/A in potassium glutamate buffer, followed by stimulation with potassium glutamate buffer without (clear column) or with 30 M free Ca 2ϩ (filled column) for 10 min at 30 C. Histamine released into the supernatant was measured and is given as a percentage of the total histamine in the cells. Note that BoNT/A inhibits histamine release almost completely compared with the control value. Each point represents the mean (ϮSEM) of three wells from one of three independent experiments. P Ͻ 0.05 for stimulated vs. basal and for BoNT/A vs. stimulated. B, SNAP-25 is specifically cleaved by BoNT/A in digitonin-permeabilized ECL cells. Digitonin-permeabilized ECL cells were incubated for 15 min at 30 C with 100 or 500 nM BoNT/A potassium glutamate buffer. Immunoblotting revealed that the SNAP-25-immunoreactive band observed in the control is cleaved into a smaller product, which is also detected by antibody against SNAP-25. The immunoblot was also analyzed by densitometry, followed by fitting the curve obtained with two Gaussian curves (top). Other proteins, such as synaptobrevin and syntaxin, were not altered.
essary to stimulate exocytosis of histamine vesicles in permeabilized cells. This observation may indicate that calcium influx into intact ECL cells elicited by gastrin actually yields calcium concentrations about 100 times higher in the subplasmalemmal space than in the overall cell body. Similar conclusions have been drawn from observations in nerve terminals and adrenal chromaffin cells (28, 29) .
Although it is generally accepted that docking and fusion of secretory vesicles to the plasma membrane depend on the presence of intracellular calcium, proteins participating in exocytosis have been identified in neurons and a few endocrine cell types (10 -19) . SNAP-25, synaptobrevin, and syntaxin are regarded as key proteins of the exocytosis apparatus and were initially thought to be unique to neurons and endocrine cells. These SNARE proteins have also been detected in various other cell types, including muscle cells and adipocytes. The distribution of characteristic subtypes of the SNARE proteins, however, exhibits a tissue-specific pattern (for references, see Refs. 30 -34) .
Proteins of the exocytosis apparatus of ECL cells are not only of special interest to delineate the relation of this cell type to the endocrine system, but are also of pharmacological interest in attempts to block histamine secretion. Here we show that ECL cells of the gastric mucosa, which are characterized by the presence of the marker enzyme HDC, also contain synaptobrevin and SNAP-25. Moreover, both SNARE proteins were colocalized in isolated and highly purified ECL cells by simultaneous immunostaining for HDC. Finally, immunoblotting revealed synaptobrevin and SNAP-25 in the isolated ECL cells and, in addition, syntaxin, which strongly suggests the presence of these proteins within ECL cells. The antibodies used for immunocytochemistry and immunoblotting were specific for SNAP-25, syntaxin-1, and synaptobrevin II (VAMP-2), subtypes of these proteins present preferentially in neurons and endocrine cells. Therefore, our results obtained by double immunostaining and immunoblotting clearly show that the SNARE proteins SNAP-25, synaptobrevin II (VAMP-2), and syntaxin-1 are present in ECL cells. In a recent study, SNAP-25, syntaxin-1, and VAMP-2 have been detected in populations of gastric mucosal cells (35) . Specifically, VAMP-2 was colocalized with isolated tubovesicular membranes of gastric parietal cells. In the present study, cells neighboring ECL cells in the mucosal sections did not show VAMP-2 staining. As we did not characterize these cells with appropriate antibodies, it is possible that these cells represent chief cells rather than parietal cells, which are both present in the basal part of gastric glands. An alternative explanation for the lack of immunostaining for VAMP-2 in adjacent cells may be due to the low abundance of VAMP-2 in parietal cells compared with that in ECL cells or in masking of VAMP-2 by formation of complexes with other components of the exocytosis apparatus preventing binding with the antibody.
According to a current model, the SNARE proteins synaptobrevin, syntaxin, and SNAP-25 first form a heterotrimeric complex. Binding of soluble ␣-SNAP and N-ethylmaleimide-sensitive fusion protein to the docking complex and ATP hydrolysis by N-ethylmaleimide-sensitive fusion protein cause disassembly of the SNARE complex, which is followed by exocytosis (36, 37 ). It appears likely that syntaxin-1, SNAP-25, and VAMP-2 also form a complex in ECL cells. However, due to the low abundance of ECL cells in the gastric mucosa and the small number of highly purified ECL cells obtained during isolation, we were unable to study the formation of a protein complex in ECL cells by immunoprecipitation.
Syntaxins are SNARE proteins that constitute a large family of proteins differentially expressed in several mammalian cells (38) . Syntaxin-1 is expressed in neurons and adrenal chromaffin cells, where it is located in both the plasma membrane and the membrane of secretory vesicles (18, 39, 40) . A role for syntaxin-1 in synaptic vesicle docking and fusion is suggested by its association with calcium channels and the SNARE proteins (41, 42) . The simultaneous presence of syntaxin-1, SNAP-25, and VAMP-2 in ECL cells may indicate that the mechanism of exocytosis in ECL cells closely resembles that of the adrenal chromaffin cells and neurons.
Furthermore, we identified two vesicle-associated proteins in ECL cells that have been previously implicated in exocytosis by neurons and endocrine cells. Synaptotagmin I is a 65-kDa integral membrane protein present in synaptic vesicles and endocrine secretory vesicles and has been identified as a vesicular Ca 2ϩ receptor (26, 43) . The antibody used in this study selectively detected synaptotagmin I but no other isoforms of this protein, which have a wide distribution in nonneuronal cell types (44, 45) . Therefore, synaptotagmin I can be regarded as a marker for neuronal and endocrine cells. Synaptophysin, a 38-kDa protein found typically in synaptic vesicles, was also detected in ECL cells. The protein exhibits structural homology to gap junction proteins and participates in pore formation during exocytosis (46) . The association of synaptophysin with the complex of SNARE proteins occurs via its specific association with the SNARE protein synaptobrevin/VAMP (25, 47, 48) . Again, synaptophysin represents the neuronal form of the pantophysin family with other members present in a wide variety of cells (49) . The presence of synaptotagmin I and synaptophysin in ECL cells directly underlines the neuroendocrine nature of this cell type.
Permeabilized ECL cells were attacked by clostridial neurotoxins. In general, intact endocrine cells, unlike neurons, are not susceptible to clostridial neurotoxins such as tetanus and BoNT/A. However, after permeabilization, exocytosis of endocrine cells can be blocked by the neurotoxins. This effect is caused by proteolytic cleavage of synaptobrevin and SNAP-25 within endocrine cells by the neurotoxins (13, 14, 18, 19, 50) . Thus, the same SNARE proteins are specifically attacked by clostridial neurotoxins in endocrine cells and neurons (for references, see Refs. 20 and 21). Using clostridial neurotoxins, we found that in rat gastric ECL cells, two of the neuroendocrine marker proteins, synaptobrevin II/VAMP-2 and SNAP-25, are functionally involved in histamine release. Tetanus toxin inhibited histamine secretion by only 50%, whereas BoNT/A completely blocked histamine secretion. These results are in contrast to those in chromaffin cells of the adrenal gland, where catecholamine secretion is only partially blocked by BoNT/A, although the extent of protein cleavage with 100 nm BoNT/A was identical in both preparations (18) . The exact reason for this difference is unknown. However, it may be speculated that functional and inactive pools of synaptobrevins and SNAP-25 exist in ECL cells. These forms could display different susceptibilities to the neurotoxins, as previously reported to occur during complex formation (51, 52) .
Our present results show that histamine is released from permeabilized ECL cells upon stimulation with calcium, similar to previous studies using chromaffin cells (for references, see Refs. 13, 18, and 50). As the process of histamine release from permeabilized ECL cells was mediated by proteins previously reported to participate in exocytosis, it can be concluded that 1) histamine in ECL cells is released from membrane-bound structures and not from the cytoplasm; and 2) that histamine-containing vesicles undergo exocytosis upon stimulation with micromolar concentrations of Ca 2ϩ . Thus, although ultrastructural evidence for the localization of histamine within cytoplasmic vesicles of ECL cells remains to be presented (1), it is very likely that it is released from vesicles, as is known to be the case for neurotransmitters and hormones. Interestingly, basal histamine secretion was higher in permeabilized ECL cells than in intact cells (4) and, in addition, varied significantly among several sets of experiments. One possible explanation for this phenomenon may be the unusually high numbers of docked and peripheral secretory vesicles that we observed by electron microscopy in ECL cells. Therefore, addition of digitonin to the ECL cells not only permeabilizes the plasma membrane, but diffuses in various extents deeper into the cell, and the detergent may hit docked vesicles (diameter, ϳ300 nm). The differences in basal release may reflect differences in the range of digitonin diffusion in the cortex of the ECL cells that cannot be exactly controlled at present.
Recent observations suggest the presence of the vesicular monoamine transporter type 2 VMAT 2 in ECL cells, which may serve as a transporter for histamine into the storage organelles (6, 7). Furthermore, histamine secretion is inhibited by bafilomycin (4, 5) , suggesting that a proton gradient across the vesicular membrane generated by V-type adenosine triphosphatases (8) may exist in ECL cells. Both transports may act together during the uptake of histamine by cytoplasmatic vesicles, which is a common feature of amine and neurotransmitter uptake by vesicles of endocrine cells and neurons.
In summary, our data provide convincing evidence that the exocytotic apparatus for histamine secretion in ECL cells shares many properties with neurons and endocrine cells. Now, with these additional criteria met, little doubt remains about the neuroendocrine nature of ECL cells. Moreover, functional analysis of the proteins involved in exocytosis demonstrates that SNAP-25 and synaptobrevin II are cleaved by neurotoxins and mediate histamine release, which is of considerable pharmacological interest.
